Introduction
NZB × NZW F 1 female mice develop disseminated multiorgan systemic lupus erythematosus-like (SLE-like) disease that closely resembles its human counterpart (1) . The mice develop elevated levels of IgM anti-singlestranded DNA (anti-ssDNA) at a very early age (2) and soon thereafter begin to produce IgM anti-dsDNA antibodies. Between 3 and 4 months of age, B cells undergo class switch of anti-double-stranded DNA (anti-dsDNA) antibodies from IgM to IgG in an almost spontaneous fashion. Soon thereafter the mice develop lupus nephritis and renal pathology (3) . SLE disease is B cell-and CD4 + Th cell-dependent (4, 5) and can be treated by immune intervention such as immunosuppressive drugs, T cell costimulatory blockade (6) (7) (8) , or anti-CD4 mAb-mediated therapy (9) . However, the regimens employed are recognized as being prophylactic rather than therapeutic and are burdened with significant undesirable side effects. In this report we show that minimal treatment of SLE-diseased NZB × NZW F 1 female mice with anti-CD137 mAb's reversed disease progression and prolonged survival of the mice to more than 2 years. CD137 (4-1BB), an inducible T cell costimulatory receptor and member of the TNF receptor superfamily, is expressed on activated CD4 + and CD8 + T cells (10) , activated NK cells (11) , and DCs (12, 13) . CD137 is not expressed on mouse B cells, including those from NZB × NZW F 1 mice, at any stage of development. Its ligand, 4-1BBL, is expressed on resting B cells and can be upregulated on activated professional APCs and B cells (14, 15) . Monoclonal anti-CD137 antibodies and CD137 ligand fusion proteins enhance antigen-specific and polyclonal T cell proliferation of both CD4 + and CD8 + subsets in vitro (16) (17) (18) (19) (20) . Anti-CD137 mAb's enhance proliferation of CD4 + T cells in vivo in normal and experimental autoimmune encephalomyelitic mice (21) . However, CD4 + T cell proliferation in experimental autoimmune encephalomyelitic mice appears to end after several rounds of division. Anti-CD137 mAb's preferentially activate CD8 + T cells in vitro and in vivo and induce the production of type 1 cytokines by CD8 + cells. They accelerate and exacerbate acute graft-versushost disease, as well as cardiac and skin allograft rejection (16) , and they induce CD8 + CTL-mediated antitumor immunity (22) . Central to many of these activities may be the ability of CD137-mediated costimulation to block antigen-activated cell death of CD8 + T cells (23) .
While anti-CD137 mAb's enhance CD4 + and CD8 + T cell proliferation, they have been found to suppress CD4 + T cell help during T-dependent humoral immune responses through a mechanism involving the action of regulatory T cells (24) . As a consequence, mice injected with rat anti-CD137 mAb's fail to generate anti-rat IgG antibodies (our unpublished observations). Therefore, these animals can be injected repeatedly with anti-CD137 mAb's without concern for the induction of immune responses against the rat antibody. We sought to determine whether anti-CD137 mAb's would protect NZB × NZW F 1 mice from SLE disease rather than exacerbating autoimmune reactions. We hypothesized that anti-CD137 mAb's would anergize CD4 + autoantigen-reactive T cells and thus prevent the initiation of disease, but we questioned whether such treatment would be beneficial in mice with established disease. In this report we demonstrate that treatment of NZB × NZW F 1 mice with anti-CD137 mAb's at any stage in their life or in disease progression led to profound suppression and reversal of the disease process.
Methods
Mice. Six-week-old female NZB × NZW F 1 (H-2 d/z ) mice, hereafter referred to as NZB/W F 1 , and BALB/c and BALB/c Rag -/-(H-2 d ) mice were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA) and maintained in the Yerkes National Primate Research Center vivarium following Institutional Animal Care and Use Committee procedures. Each experimental group contained ten mice unless otherwise stated.
Statistical analysis. Analysis was carried out using repeated-measures ANOVA. Measurements were made using the generalized estimating equations method.
Antibodies and reagents. 3H3, a rat IgG 2a anti-mouse CD137 mAb, was produced in our laboratory (16) . Monoclonal antibody 9D6, also produced in our laboratory, is a rat IgG 2a anti-human CD137 mAb. The 9D6 mAb does not cross-react with mouse CD137 receptors and was used as an isotype-matched control mAb. The mice were injected intraperitoneally with 200 µg anti-CD137 mAb's or isotype-matched control mAb as described in Results. GK1.5, a rat anti-mouse CD4 mAb, and 53.6.7, a rat anti-mouse CD8 mAb, were kindly provided by Jeff Ledbetter (Pacific Northwest Research Institute, Seattle, Washington, USA).
Depletion of CD4 + and CD8 + T cells in vivo. We depleted CD4 + or CD8 + T cells in vivo by giving the mice four intraperitoneal injections of 500 µg of GK1.5 or 53.6 purified mAb's, respectively, spaced 3 days apart. The final injection was given 3 days prior to use of the mice for experimental purposes. These procedures depleted more than 95% of CD4 + or CD8 + T cells, as measured by FACS analysis using noncompetitive anti-CD4 or -CD8 mAb's.
Measurement of serum anti-dsDNA autoantibodies. Anti-ssDNA or anti-dsDNA antibody production was determined by a modified ELISA assay (6) . Fifty microliters of 10 µg/ml methylated BSA (Sigma Chemical Co., St. Louis, Missouri, USA) was added to the wells of Immulon 2 plates (Dynatech Laboratories, Alexandria, Virginia, USA) and incubated overnight at 4°C. The plates were washed with PBS containing 0.05% Tween-20. Fifty microliters dsDNA or ssDNA (Sigma Chemical Co.) was added overnight at 4°C. Purity of the preparations of ssDNA or dsDNA was assessed by acridine orange staining of DNA preparations separated by agarose electrophoresis (25) . The plates were washed and then blocked with 2% BSA in PBS overnight at 4°C. After washing with PBS plus 0.05% Tween-20 serum, samples that had been serially diluted with PBS containing 1% BSA and 0.05% Tween-20 were incubated at 0.05 ml/well for 3 hours at room temperature. The wells were then extensively washed and incubated with 0.05 ml (1:7,500 dilution) peroxidase-conjugated goat anti-mouse IgM or goat antimouse IgG γ chain-specific antibody (Caltag Laboratories Inc., Burlingame, California, USA). After incubation overnight at 4°C, wells were washed five times and treated in the dark for 10 minutes with 0.05 ml o-phenylenediamine (Sigma Chemical Co.). The reaction was stopped with 0.05 ml of 2N H 2 SO 4 , and absorbance was measured at 495 nm. Serum from MRL Fas-/lprand C57BL/6 mice served as positive and negative controls, respectively. The data are expressed as the mean OD at 495 nm of triplicates from serial dilutions or from serum samples diluted 1:100.
Measurement of proteinuria. The extent of proteinuria was determined colorimetrically by the use of Albustix (Miles Inc., Elkhart, Indiana, USA). In this semiquantitative method, 1+ corresponds to a range of values from 30 to 100 mg/dl; 2+ corresponds to 100-300 mg/dl; 3+ corresponds to 300-2,000 mg/dl; and 4+ corresponds to ≥2,000 mg/dl. Significant proteinuria in the mice was defined as ≥100 mg/dl in accordance with previous studies (6) .
Histology and immunohistology. Kidneys and spleens were fixed in 10% formalin. Paraffin-embedded tissues were cut into 5-to 6-µm-thick sections and stained with H&E for histological examination. Tissue sections were prepared and independently analyzed by two veterinary pathologists. Glomerular immune complex deposition was examined by immunofluorescence. Kidneys were snap-frozen in OCT compound (Miles Inc.) without prior fixation.
Cryostat sections 6 µm thick were cut and mounted on glass slides for staining. After paraformaldehyde fixation, cryosections were incubated with 10 µg/ml fluorescein-conjugated horse anti-mouse IgG (Vector Laboratories Inc., Burlingame, California, USA) and washed extensively. Parallel sections incubated with mouse IgG (Sigma Chemical Co.) showed no immunofluorescence.
Disease severity score. Anti-dsDNA antibody levels were measured as OD at 495 nm and placed on the following scale: 1 = 0.25-0.50, 2 = 0.51-1.0, 3 = 1.25-1.50, 4 = 1.51-2.0, 5 = >2.1. Proteinuria was measured colorimetrically by the Albustix dipstick method on the following scale: 1 = undetectable, 2 = 10-30 mg/dl, 3 = >30-100 mg/dl, 4 = >100-300 mg/dl, 5 = >300 mg/dl. Immune complex deposition was recorded as the percentage of glomeruli stained per field as described below and by the brightness of fluorescence according to the following scale: 1 = very dim and not uniform; 2 = dim and uniform; 3 = bright, uniform, and observable in >25% of the glomeruli; 4 = very bright, uniform, and observable in >50% of glomeruli; 5 = very bright, uniform, and observable in >80% of glomeruli. Pathological kidney structure was evaluated in each group of mice by measurement of mesangial thickening, mononuclear cell infiltration, occlusion of tubules with protein, and glomerular destruction, and the percentage of diseased glomeruli was counted in four separate slides from each kidney observed under ×200 magnification. The scores for each observation were summed and the mean and SD recorded.
Generation of bone marrow-derived DCs. Bone marrow cells were aspirated from femurs of NZB/W F 1 mice and cultured for 6 days in RPMI 1640, 10% FBS, 1% penicillin/streptomycin, 1% L-glutamine, 10 ng/ml GM-CSF, and 4 ng/ml IL-4. Cultures were phenotyped for CD11c, CD11b, MHC class II, CD40, CD80, and CD86 expression.
CFSE staining of T cells. Cells were incubated in PBS containing 10 µM CFSE at 1 × 10 7 per milliliter for 10 minutes at 37°C, washed twice with PBS, counted, checked for viability, and resuspended in PBS for injection. For adoptive transfer of T cells, 1 × 10 7 cells were injected by tail vein in 0.25 ml of PBS. DCs were loaded with Cell Tracker Orange (Molecular Probes, Eugene, Oregon, USA), and 1 × 10 6 cells were injected i.v. as described above.
Results
Anti-CD137 mAb's suppress production of IgG but not IgM anti-dsDNA. Anti-CD137 mAb's suppress the development of T-dependent humoral immunity in normal mice when administered during the period of antigen priming and appear to be CD8 + T cell-independent (24) . This result led us to believe that anti-CD137 mAb treatment directly suppressed CD4 + T cell help. We hypothesized that this would also be true if anti-CD137 mAb's were used to treat antibody-dependent autoimmune diseases.
Figure 1
Inhibition of autoantibody production by anti-CD137 mAb's. NZB/W F 1 mice were injected intraperitoneally with anti-CD137 or control mAb's, and serum samples were collected and assayed in triplicate by ELISA for anti-dsDNA antibodies. IgG or IgM anti-dsDNA autoantibody titers are expressed as the mean ± SD measuring the OD, at 495 nm, of triplicates for individual mice, using serially diluted serum samples. However, we questioned whether treatment of autoimmune-prone mice with anti-CD137 mAb's would be effective once the disease process had been established. We first determined whether anti-CD137 mAb's would prevent NZB/W F 1 mice from lupus-like disease by measuring the ability of these antibodies to suppress the generation of T-dependent and T-independent humoral immunity against dsDNA.
At 14 weeks of age, a time prior to the manifestation of overt disease, female NZB/W F 1 mice were injected intraperitoneally with 200 µg of rat anti-mouse CD137 mAb's or with an equivalent amount of isotype-matched control mAb. The procedure was repeated three times at intervals of 3 weeks, after which the mice received no further treatment. At 41 weeks of age the treated groups of mice were bled and euthanized, and their organs were removed for tissue studies. Serum samples were analyzed for the presence of IgM and IgG anti-dsDNA Ig's.
Treatment with anti-CD137 mAb's suppressed the spontaneous development of anti-dsDNA IgG, whereas anti-dsDNA autoantibody production was unchanged after treatment with isotype-matched control mAb's ( Figure 1a ). In contrast, the production of T-independent IgM anti-dsDNA was not suppressed by anti-CD137 ( Figure 1b ), a result consistent with our previously published studies showing that anti-CD137 mAb's suppressed only T-dependent humoral immune responses in normal mice (24) . Suppression of humoral immunity was observed when anti-CD137 mAb's were administered before or during antigen priming, but not when they were administered thereafter.
We next initiated a series of experiments to determine whether there was a critical window during the development of disease when treatment would be efficacious, and what the minimal number of injections of anti-CD137 mAb's would be in order to induce longterm suppression of anti-dsDNA antibody production in these mice. We began the study by injecting a single 200-µg dose of anti-CD137 mAb intraperitoneally into NZB/W F 1 mice at 8 weeks of age. At this time point, the mice did not have detectable levels of anti-dsDNA IgG in their serum. From this experiment (representative of three conducted) we found that a single injection of anti-CD137 mAb significantly suppressed anti-dsDNA IgG production until the mice reached 30 weeks of age, despite the fact that the half-life of anti-CD137 mAb's is 7 days. By week 30 the mice acquired the capacity to generate anti-dsDNA IgG autoantibodies. Nevertheless, they did not develop a mean anti-dsDNA antibody titer, as 26-week-old isotype-matched control mAb-treated mice did, until they reached 34 weeks of age; from this point their titers remained unchanged through week 42 of age ( Figure 1c ). In contrast, during this time frame the mean anti-dsDNA antibody titers more than doubled in the isotypematched mAb control group (Figure 1c ).
Seeing that a single treatment of anti-CD137 mAb's significantly delayed the onset of disease, we increased the number of injections of anti-CD137 mAb from one to seven in the next set of experiments. Once again, the mice received the first injection at 8 weeks of age, and treatment was repeated once every third week until the mice reached 26 weeks of age. This treatment regimen suppressed the development of anti-dsDNA IgG antibodies until the mice reached 52 weeks of age. Anti-dsDNA titers in the mice did not approach those observed in 30-week-old control mAb-treated mice until they reached 70 weeks of age ( Figure 1d ), at which time only one of ten mice showed any sign of proteinuria. By 72 weeks of age, three of ten mice died, but only one mouse was proteinuric. The cause of death of the other two mice could not be determined, and neither had developed any signs of lupus disease.
Our earlier studies with anti-CD137 mAb's in normal mice would predict that NZB/W F 1 mice already producing T-dependent anti-dsDNA antibodies would be refractive to treatment. To determine whether this was the case, we injected 26-week-old mice three times with 200 µg of anti-CD137 or isotype-matched control mAb's; the injections occurred once every third week until the mice reached 35 weeks of age. Contrary to our expectations, we found that anti-dsDNA antibody production in the anti-CD137 mAb-treated mice dropped rapidly ( Figure 1e ) and remained depressed until week 50. Furthermore, the majority of these mice did not begin to produce significant levels of anti-dsDNA until they reached 60-70 weeks of age. Here, too, only one of the ten mice presented with low-grade proteinuria by week 110 (data not shown). By this time, three mice had died, including the proteinuric mouse, a second mouse that died from a hepatic tumor, and a third that died from undetermined causes. At this point the experiment was terminated, and the remaining mice were euthanized. Thus, our studies showed that minimal treatment of SLE-diseased mice with anti-CD137 mAb's reversed the disease process, protected 70% of the mice from relapse, and afforded the survivors a normal lifespan.
Recognizing that the time point of autoantigen priming is not of critical consequence for the suppressive action of anti-CD137 mAb in NZB/W F 1 mice, we allowed the animals to develop moderate to severe disease, as determined by the development of high levels of anti-dsDNA antibodies and onset of proteinuria. Two groups of 36-to 41-week-old diseased mice were given a single 200-µg intraperitoneal injection of anti-CD137 or control mAb. Within 7-10 days after anti-CD137 mAb treatment, we observed a profound therapeutic effect manifested by the marked reduction of serum anti-dsDNA autoantibodies (Figure 1f ). Within 3 weeks, the mice were nearly depleted of IgG anti-dsDNA autoantibody, and they remained so 6 weeks later when they were euthanized. The rapidity and extent of autoantibody clearance in these mice were unexpected, as the serum half-life of IgG in mice is approximately 3 weeks. Nevertheless, 80% of anti-dsDNA autoantibody was eliminated within 2 weeks after administration of anti-CD137 mAb's. We found that the mice secreted substantial amounts of anti-dsDNA antibodies in their urine, but this could only partially account for the rapid and marked loss of serum autoantibody levels (data not shown). One may hypothesize that the reason why serum IgG anti-dsDNA autoantibody half-life is so short in the diseased mice is because of the formation and catabolism of immune complexes, as well as the loss of autoantibodies that have been bound to tissues throughout the body. Normally, this loss of serum autoantibodies goes unnoticed because of ongoing rapid de novo synthesis. However, when antibody production is suppressed, clearance of these antibodies in the serum becomes evident. This view is supported by the observation that anti-dsDNA-containing serum injected continuously i.v. into prediseased mice accumulates as immune complexes in their kidneys and is rapidly lost from the circulation in the absence of any treatment (data not shown).
Anti-CD137 mAb treatment prevents renal disease. Approximately 95% of untreated NZB/W F 1 mice develop glomerulonephritis and end-stage kidney disease and die within 12 months of age. Disease progression involves immune complex deposition in the glomeruli, inflammation within these sites, mesangial proliferation, and infiltration of mononuclear cells, including B and T cells. To determine whether anti-CD137 mAb's prevented immune complex disease as well as interstitial glomerulonephritis, we analyzed frozen or formalin-fixed thin sections of kidneys obtained from anti-CD137 mAb-treated, untreated, and isotype-matched control mAb-treated mice. The frozen sections were stained with a FITC-conjugated goat anti-mouse IgG antiserum in order to detect immune complexes. We also examined fixed Anti-CD137 mAb treatment blocks germinal center reactions. NZB/W F 1 mice were injected once every third week with anti-CD137 or isotypematched control mAb's beginning at 14 weeks of age and continuing through 26 weeks of age. The mice were euthanized, and spleens were removed for thin sectioning and H&E staining. Sections were viewed with ×20 and ×40 objectives and photographed. (a and c) Representative fields at ×20 and ×40, respectively, of mice injected with isotypematched control mAb's. (b and d) Representative fields at ×20 and ×40, respectively, of mice treated with anti-CD137 mAb's. Bar, 100 µg.
H&E-stained thin sections of kidneys from each group of mice to detect pathological changes in kidney architecture that typically accompany disease progression. Frozen kidney sections obtained from 35-and 45week-old mice that received an isotype-matched control mAb were visually identical to sections from untreated animals with respect to immune complex deposition (Figure 2 , a-d). However, mice that had been treated with anti-CD137 mAb's had only minimal traces of immune complexes in their kidneys (Figure 2 , e and f). We then compared the histology and architecture of normal glomeruli from age-matched BALB/c mice with those of tissue sections from kidneys of NZB/W F 1 mice that had been treated with anti-CD137 mAb's. In contrast to kidneys from 26-week-old BALB/c mice, those from age-matched NZB/W F 1 mice were markedly abnormal ( Figure 2h ). In comparison, NZB/W F 1 mice that received anti-CD137 mAb's beginning at 14 weeks of age and then again every third week until they reached 23 weeks of age exhibited normal kidney architecture, albeit with some mesangial proliferation (Figure 2j ), whereas the structural damage to kidneys in mice that were treated with isotype-matched control mAb's was identical to that seen in the untreated mice ( Figure 2i ). We next assessed the overall level of disease progression in each group of mice enrolled in this experiment, based on levels of serum anti-dsDNA autoantibodies, proteinuria, immune complex deposition, and kidney architecture. In this study, mice in the untreated and isotype-matched control mAb-treated groups displayed evidence of advanced disease, whereas the anti-CD137 mAb treatment group showed minimal changes within the kidney that were confined to some mesangial proliferation ( Figure 2k ).
Anti-CD137 mAb's blocked germinal center formation. Germinal center reactions occur in secondary lymphoid tissues, where B cells receive maturation signals from Th cells, undergo isotype switching, and select high-affinity receptors for antigen (26) . This process is central to the development of mature functional B cells. Cognate interactions between CD154 expressed on activated CD4 + T cells and its ligand, CD40 expressed on B cells, are essential for the development of germinal center reactions. Interruption of the germinal center reaction resulting from natural mutations in the CD154 receptor on human CD4 + T cells causes hyper-IgM syndrome, an immunodeficiency that arises because of the inability of IgM-bearing B cells to switch class and isotype and to develop into mature high-affinity IgG-secreting B cells (27) . This phenomenon is also observed in CD154 -/mice and can be induced in normal mice by injecting them with anti-CD154 specific mAb's (28) (29) (30) .
To determine whether T cells suppressed antibody production by mature B cells in anti-CD137 mAb-treated mice or blocked the development of B cell maturation at the stage of germinal center reactions, we treated mice, beginning at 14 weeks of age, with anti-CD137 mAb's or isotype-matched control mAb's once every 3 weeks until they reached 26 weeks of age. The mice were euthanized, and histological analysis of H&E-stained spleen sections was carried out. The outcome of our analysis revealed a complete absence of germinal center formation in the spleens of anti-CD137 mAb-treated mice, whereas mice treated with isotype-matched control mAb's had multiple well-developed germinal centers ( Figure 3, b and d) .
Anti-CD137 mAb's prevent development of proteinuria. NZB/W F 1 mice develop proteinuria as a consequence of glomerular pathologies that arise from the deposition of immune complexes and tissue specific antibodies in the kidneys, and the development of inflammation within these sites caused by the influx of mononuclear cells. These events lead to the destruction 1510
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Figure 4
Anti-CD137 mAb treatment protects mice from developing proteinuria. Urine was collected from mice in each of the three groups enrolled in the serum anti-dsDNA autoantibody studies described in Figure 1 and tested for protein content by the Albustix method as of glomerular structure and associated tubules. As a result of injury, selective filtration is compromised and protein is excreted in the urine.
To complete our understanding of the effects of anti-CD137 mAb's on the development or progression of disease in NZB/W F 1 mice, we measured levels of proteinuria in anti-CD137 mAb-treated and control mAb-treated mice. We expected to find no disease in mice treated early in life and in mice just developing overt signs of disease that were treated with anti-CD137 mAb's, since we knew that anti-dsDNA antibody production was suppressed. However, we did not know what to expect from mice that had substantial disease prior to treatment, or from mice that had last received treatment 12-18 months earlier. We measured urine protein levels of the mice whose serum was analyzed for the presence of anti-dsDNA antibodies as described above (Figure 1) .
Mice that received a single injection of anti-CD137 exhibited a significant delay in the development of proteinuria as compared with the control mice. For example, 100% of the control mice became proteinuric by 44 weeks of age and died shortly thereafter. Only 60% of the mice that had received a single injection of anti-CD137 mAb's at 8 weeks of age were proteinuric at 44 weeks, and this number remained fixed until they reached 65 weeks of age (Figure 4a) . A time course of repeated anti-CD137 mAb injections beginning at week 8 and continuing every third week through 26 weeks of age blocked the development of proteinuria (Figure 4 ) until the mice reached 79 weeks of age, at which point three of the ten mice died. Of the three mice that had died, one had more than 300 mg/dl of urinary protein, whereas proteinuria in the two others was undetectable. A third group of mice received anti-CD137 mAb starting at 26 weeks of age and continuing to week 35, after production of anti-dsDNA autoantibodies had commenced but before severe proteinuria was established. One mouse died during injection for unknown reasons, and a second developed proteinuria at 65 weeks of age (Figure 4c ). By 90 weeks of age, two of the remaining nine mice died. One of the mice that died was the proteinuric mouse, but the second mouse never developed proteinuria and its cause of death is unknown.
Deletion of CD4 + T cells blocks disease. Wofsy and colleagues have shown that depletion of CD4 + T cells from NZB/W F 1 mice (6-8) or injection of nondepleting anti-CD4 mAb's into these mice blocked initiation of disease (9) , demonstrating the critical role that CD4 + T cells play in the establishment of disease. We have shown that regulation of CD4 + Th cell function is a central event in anti-CD137-mediated suppression of T-dependent humoral immunity (24) . Our current studies suggest that CD4 + Th cell activity is required for the maintenance of autoimmune responses throughout the lifespan of NZB/W F 1 mice. To test this hypothesis, CD4 + T cells were deleted using a depleting anti-CD4 mAb after the mice had fully developed disease. A second group of mice was treated to deplete CD8 + T cells. Our data show that elimination of CD4 + T cells mimicked the effect of anti-CD137 mAb in that the mice demonstrated dramatically reduced serum titers of anti-dsDNA antibodies, albeit for a shorter period than that induced by anti-CD137 mAb-mediated suppression ( Figure 5a ). The differences in duration of the effects of anti-CD4 versus anti-CD137 mAb treatment may stem from the repopulation of CD4 + T cells by (a) CD4 + T cell depletion decreases serum anti-dsDNA autoantibodies. Thirty-six-to 40-week-old NZB/W F 1 mice with high titers of anti-dsDNA antibodies were depleted of CD4 + T cells or CD8 + T cells by four intraperitoneal injections of anti-CD4 mAb (filled circles) or anti-CD8 mAb (open squares) every 3 days, or left untreated (filled triangles). After the last injection of antibody (arrow, x axis), serum samples were collected as indicated and assayed in triplicate for anti-dsDNA reactive antibodies. IgG anti-dsDNA autoantibody titers as a function of time and treatment are expressed as the mean ± SD measured at an OD at 495 nm of serum from individual mice, using a 1:100 diluted serum sample. (b) Anti-CD137 mAb's suppress anti-dsDNA production in the absence of CD8 + T cells. CD8 + T cells were depleted from NZB/W F 1 mice prior to treatment with anti-CD137 mAb's to determine whether CD8 + regulatory T cells were generated in response to CD137-mediated T cell costimulation. Mice depleted of CD8 + T cells as described above were injected with 200 µg anti-CD137 mAb and assayed for anti-dsDNA autoantibodies in their serum over a 23-day period.
thymic emigrants in the CD4 + T cell-depleted group. In contrast, anti-CD137 mAb treatment is thought to induce the generation of a stable population of regulatory T cells (24) . In comparison with anti-CD4 or anti-CD137 mAb treatment, elimination of CD8 + T cells produced no visible effect on autoantibody production. To demonstrate that anti-CD137 mAb's directly affected CD4 + Th cell function in NZB/W F 1 mice as we had reported for normal mice, the experiment was repeated, and CD8 + T cell-depleted mice were injected with anti-CD137 mAb's. As with untreated NZB/W F 1 mice, anti-CD137 mAb treatment of CD8 + T cell-depleted mice led to suppression of anti-dsDNA production (Figure 5b) . The presented data are consistent with our earlier studies demonstrating that anti-CD137 mAb's blocked T-dependent humoral immune responses in β 2 -microglobulindeficient mice (24) .
Anti-CD137 does not induce T cell or B cell deletion. To determine whether anti-CD137 mAb's affected the frequency or absolute numbers of spleen-derived or lymph node-derived T cells or B cells, we injected six 6-month-old female NZB/W F 1 mice that displayed prominent proteinuria with 200 µg of anti-CD137 mAb's intraperitoneally. An equal number of age-and diseasematched mice were left untreated. FACS analysis of T and B cells was carried out on each mouse 3 and 21 days after injection (day 21 data not shown). In all cases, no differences were observed with regard to light-scatter profiles, percent of lymphocytes within the gated areas, or frequencies or absolute numbers of T cells, T cell subsets, and B cells found within the spleen or lymph nodes. The only notable difference between the two groups was an increase in the number of CD4 + CD25 + T cells, possibly regulatory T cells, in approximately two-thirds of the anti-CD137 mAb-treated group. We are currently conducting further experiments to explore the statistical significance of this observation. Data obtained from the spleens of three randomly chosen mice from each group are shown ( Figure 6 ).
Anti-CD137 mAb treatment fails to suppress established humoral immunity. Anti-CD137 mAb's fully suppressed established T-dependent autoantibody responses to 1512
Figure 6
Anti-CD137 mAb's do not delete or alter the frequency of T or B cells. Six-month-old NZB/W F 1 mice with prominent signs of proteinuria were injected intraperitoneally with 200 µg anti-CD137 mAb's or left untreated. Three days or 21 days later (only day 3 data are shown, as there were no differences between the two data sets), the mice were euthanized, and spleen-derived lymphocytes were phenotyped using a dual-laser multiparameter FACSCalibur analytical flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, California, USA) for singlecell expression of the following cell surface receptors: CD3, CD4, CD8, CD25, and CD19.
dsDNA, as shown above. This was unexpected based on our earlier studies in normal mice, in which we found that T-dependent humoral immune responses to foreign antigens, once established, were no longer susceptible to anti-CD137 mAb-induced suppression (24) . We therefore asked whether NZB/W F 1 mice were unique in that T-dependent humoral immunity could be suppressed by anti-CD137 mAb treatment regardless of whether it was administered during antigen priming or at some distant time point. To test this possibility, 26-week-old NZB/W F 1 mice that had developed disease were immunized and boosted to sheep red blood cell (SRBC) or human IgG (huIgG) and subsequently given a single injection of anti-CD137 mAb's. Antibody production to SRBC and dsDNA was then measured at various time points following anti-CD137 mAb treatment (Figure 7) .
Inhibition of IL-2 and IL-4 production by CD4 + T cells.
Cytokines regulate the development of Th1-driven proinflammatory versus Th2-driven humoral immune responses initiated by CD4 + T cells. We had previously shown that in vitro costimulation of anti-CD3-activated CD8 + T cells with anti-CD137 mAb's markedly enhanced production of Th1 cytokines (24) . Others have shown that cross-linking CD137 on CD4 + T cells using 4-1BB ligand induced these T cells to produce IL-2 and IL-4 in vitro, two cytokines that are essential for the support of T cell proliferation and antibody production, respectively (20) . We questioned whether anti-CD137 mAb's suppressed the production of these two cytokines by CD4 + T cells in NZB/W F 1 mice, as suppression of these cytokines could have a profound inhibitory effect on the development of humoral autoimmune responses in these mice. CD8 + T cells were virtually all at rest and therefore did not express CD137 on their surface, nor did they produce any measurable amount of cytokines either before or after anti-CD137 mAb treatment (data not shown). In contrast, a substantial fraction of CD4 + T cells were CD69 + CD25 + and constitutively produced large quantities of IL-2 and IL-4. We observed that production of these cytokines was elevated in these mice by 8 weeks of age and that the elevation persisted during the first 9 months of age. Upon treatment of the mice with anti-CD137 mAb's, CD4 + T cells, although positive for activation markers such as CD25 or CD69, ceased all production of IL-4 and IL-2 (Figure 8) .
NZB/W F 1 CD4 + T and B cells have shortened lifespans.
That anti-CD137 mAb's could not suppress existing T-dependent humoral immune responses to SRBC or huIgG in NZB/W F 1 mice suggested that immune regulation of normal antibody responses to foreign cells or proteins in these animals was likely to be no different from that seen in normal mice. Why, then, is it possible to suppress T-dependent humoral immunity against dsDNA in NZB/W F 1 mice? One possible explanation is that autoimmune T and/or B cells have a rapid turnover rate or short lifespan. This could be the result of antigen-induced cell exhaustion, a phenomenon observed in mice suffering from chronic virus infections such as lymphocytic choriomeningitis virus (LCMV) (31) . New CD4 + T cells emigrating from the thymus, having crossreactivity with dsDNA, could provide cognate help to maturing B cells in germinal centers. These cells, unlike memory cells, would be susceptible to suppression mediated by anti-CD137 mAb's.
Figure 7
Anti-CD137 mAb's do not suppress established anti-SRBC humoral immune responses. Five 26-week-old NZB/W F 1 mice were immunized with SRBC and boosted at 28 weeks of age. At 30 weeks of age, the mice were injected with 200 µg anti-CD137 mAb's intraperitoneally. Serum from the mice was collected at various time points after treatment and assayed by ELISA for anti-SRBC (triangles) or anti-dsDNA (circles) antibodies.
Figure 8
Anti-CD137 mAb treatment suppresses IL-2 and IL-4 production. Twenty-week-old NZB/W F 1 mice were injected intraperitoneally with 200 µg anti-CD137 or isotype-matched control mAb. The mice were euthanized 5 days later, and IL-4 and IL-2 production was measured over a 36-hour period by ELISpot assays using spleen-and lymph node-derived CD4 + T cells. Shown are the responses of individual mice treated or not treated with anti-CD137 mAb's. The results are highly reproducible and typical of multiple experiments performed.
To study the survival and distribution of CD4 + T cells and B cells in NZB/W F 1 mice, we performed adoptive cell transfer studies employing CFSE-labeled donor T or B cells from 26-week-old mice. Labeled cells were injected i.v. into age-matched recipients, retrieved from the blood, lymph nodes, spleen, and bone marrow 72 hours later, and analyzed by flow cytometry to determine the percentage of labeled cells in each organ and to measure the extent of their proliferation. We recovered similar numbers of cells from the spleen and lymph nodes of NZB/W F 1 as compared with BALB/c mice. However, the combined total percentage of CD19 + CFSE-labeled B cells retrieved from the spleen, lymph nodes, bone marrow, and PBMCs of NZB/W F 1 mice was 42% (4.22 × 10 6 B cells). In contrast, 68% (6.8 × 10 6 B cells) were recovered from BALB/c mice. Similar analysis of CD4 + T cells recovered from each strain 72 hours after adoptive cell transfer revealed 55.7% (5.7 × 10 6 ) CD4 + T cells 1514
Figure 9
Survival and homing of CD4 + T cells and B cells. T and B cells were obtained from 26-week-old NZB/W F 1 or BALB/c mice, labeled with CFSE, and injected i.v. into age-, sex-, and strain-matched recipients. At 72 hours, recipient mice were bled and euthanized. Single-cell suspensions of spleen, lymph node, bone marrow, and PBMCs were stained with phycoerythrin-conjugated anti-CD19 or -CD4 mAb's, and their frequency was determined by flow cytometry. CFSE fluorescence intensity was measured, and proliferation of each cell population was determined based on the incremental loss of CFSE fluorescence. The far-left peaks in each histogram represent either dead or dying cells, which were present within 24 hours of culture; the extreme loss of fluorescence could not be attributed to cell division in so short a period of time.
in NZB/W F 1 mice, versus 75% (7.54 × 10 6 ) CD4 + T cells in BALB/c mice ( Figure 9 ). While we cannot rule out the possibility that some B and T cells have homed to other sites in the body, the kidneys in particular (see below), our analysis suggests that, like human SLE patients (31) , NZB/W F 1 mice are B-lymphocytopenic. With respect to cell redistribution within the organs studied, we found that within 72 hours after adoptive cell transfer there was a 77% reduction of CD4 + T cells in the PBMC fraction, a 9% decline in the spleen, a 64% decrease in the lymph nodes, and a fourfold increase in the bone marrow of NZB/W F 1 mice, compared with BALB/c mice ( Figure 9 ). Minimal T cell or B cell proliferation was observed. Peaks to the far left of the histograms represent unlabeled, weakly labeled, and probably dead or dying lymphocytes, as they were present even at 24 hours after cell transfer. Furthermore, the peak fluorescence of nondividing T or B cells was at channel 2,000 when analyzed by FACS. The peak fluorescence channel of the population at the far left of each histogram was 20. Thus, viable cells in this population would have had to undergo approximately eight divisions in 72 hours, or one every 9 hours.
To study B cell homing, we compared this distribution of CFSE-labeled B cells in several organs of age and sexmatched NZB/W F 1 and BALB/c mice. Within 72 hours of injecting CFSE-labeled B cells into the mice we found that we could only recover from the peripheral blood 2% of the number of CFSE labeled CD19 + B cells compared to what was recovered from BALB/c mice. In a similar situation, we recovered only 15% and 7% of the number of B cells from the spleen and lymph nodes, respectively, of NZB/W F 1 mice compared with the numbers recovered from BALB/c mice. However, there was a twofold increase in the percentage of B cells found in the bone marrow of NZB/W F 1 mice compared with that found in BALB/c mice (Figure 9 ). Analysis of frozen kidney sections revealed infiltration of CFSE-labeled CD4 + T cells and B cells in the NZB/W F 1 mice, but not in BALB/c mice. It has been previously shown that the kidneys of NZB/W F 1 mice are a source of extramedullary hematopoiesis and a site of plasma cell development (32) . Antibody-forming B cells and plasma cells that develop within or infiltrate the kidneys are not restricted to the autoreactive subset and have been found to be just as likely to react with foreign proteins as with autoantigens (32) . Approximation of the number of CFSE-positive B cells in the kidneys based on kidney volume and fluorescence microscopy could not account for the substantial loss of B cells in the NZB/W F 1 mice (data not shown).
Antigen-primed CD4 + T cells override anti-CD137-induced suppression. We have previously shown that a subpopulation of DCs in the spleen express CD137 on their surface (12) . Because DCs are instrumental in priming T cells with antigen, it occurred to us that anti-CD137
Figure 10
Adoptive transfer of primed CD4 + T cells bypasses CD137-induced suppression. CD4 + T cells from 26-week-old NZB/W F 1 untreated diseased mice were used as a source of dsDNA-primed Th cells. Agematched mice (n = 10) that had been injected 2 weeks earlier with anti-CD137 were injected i.v. with 1 × 10 7 T cells (filled circles). A second group of mice received only anti-CD137 mAb's (open triangles). The mice were subsequently bled on a weekly basis, and serum anti-dsDNA levels were determined by ELISA.
Figure 11
Adoptive transfer of naive bone marrow-derived DCs bypasses CD137induced suppression. One million NZB/W F 1 bone marrow-derived CD11c + DCs (15-30% CD137 + ) were injected i.v. into 26-week-old NZB/W F 1 mice (n = 10) that had been injected with anti-CD137 mAb's 4 weeks earlier. The mice were bled weekly, and anti-dsDNA titers were determined as above.
mAb-mediated suppression of autoimmune responses may be initiated during the critical period of T cell priming, and that signals delivered through CD137 to DCs, T cells, or both could account for this phenomenon. To address this question, we tested whether we could restore autoimmune reactions in asymptomatic anti-CD137 mAb treated mice. Here and in the next section we describe two sets of experiments that tested this possibility. First we determined whether primed CD4 + T cells could override anti-CD137 immunosuppression in 26-week-old mice that had been treated earlier with anti-CD137 mAb's. We adoptively transferred CD4 + T cells from untreated 26week-old mice into recipients that had received 200 µg of anti-CD137 mAb 2 weeks earlier. We then measured anti-dsDNA antibody levels in the serum of the recipient mice once a week for 4 weeks. The recipient mice rapidly resumed autoantibody production, whereas the control mice failed to produce anti-dsDNA autoantibodies ( Figure 10 ). These data indicate that autoantigen-experienced CD4 + T cells were not susceptible to anti-CD137 mAb induced immune suppression or anergy in the treated mice and were able to rapidly initiate disease in these mice.
Adoptive transfer of DCs overrides anti-CD137-mediated protection. One could account for the ability of anti-CD137 mAb's to suppress anti-dsDNA autoantibody responses in NZB/W F 1 mice if they act directly on the DC during T cell priming. DCs treated with anti-CD137 mAb's receive signals that prevent them from priming T cells. At the same time, they convey local signals that suppress this function in CD137 -DCs. To approach this question we determined whether bone marrow-derived DCs could override anti-CD137 mAb-induced immunosuppression of humoral immunity in NZB/W F 1 mice. Bone marrow-derived DCs generated in vitro (see Methods) were phenotyped for CD137 expression and then adoptively transferred into 26-week-old recipient mice that had received a single 200-µg injection of anti-CD137 mAb's 4 weeks earlier.
Anti-CD137 mAb-treated mice not reconstituted with DCs did not develop autoimmune disease, and detectable levels of serum anti-dsDNA autoantibodies all but disappeared. However, mice that received adoptively transferred DCs showed a decrease in anti-dsDNA production initially but resumed production of anti-dsDNA antibodies soon thereafter, indicating that CD4 + T cells in the anti-CD137 mAb-treated mice were not deleted and that, if they were anergized, anergy could be broken ( Figure 11 ).
Discussion
SLE is a progressive multiorgan T cell-and B cell-dependent autoimmune disease for which there is no effective cure, and for which current therapy relies largely on long-term suppression of the immune system. Our work shows that it is possible to suppress the initiation or reverse the progression of established SLElike disease in lupus-prone female NZB/W F 1 mice in a manner that does not entail global immunosuppression, consists of a short-term treatment regimen, and extends their lifespan to that of normal mice.
Antibodies reactive with the CD137 T cell costimulatory receptor suppress the initiation of T-dependent humoral immune responses in normal mice (24) . In this study we show that similar treatment of NZB/W F 1 SLE-prone mice suppresses autoimmune reactions and reverses SLE disease, thus extending the mice's lifespan from approximately 10 months to more than 2 years. Our observations raised two important questions: (a) Why is it that established autoreactive immune responses are susceptible to anti-CD137-mediated suppression, whereas immune responses to non-self antigens are not? (b) How does such treatment suppress autoantibody production and reverse the progression of disease in NZB/W F 1 mice?
Autoimmune reactions may represent a state of chronic immune activation by self-antigens that results from their continuous presence. As a counterpoint, immune responses to foreign antigens are generally acute in nature and short in duration. We found that lymphocytes, particularly B cells from NZB/W F 1 as compared with BALB/c mice, undergo rapid turnover, and, to a somewhat lesser extent, so do CD4 + T cells. We found no other fundamental physiological differences between autoimmune reactions and those specific for foreign antigens in NZB/W F 1 mice. The suppression of autoimmunity by anti-CD137 mAb's in NZB/W F 1 mice may be attributed to the suppression of B cell maturation in germinal centers due to the lack of CD4 + T cell help. This view is supported by the fact that during and shortly after anti-CD137 mAb treatment, there is a virtually complete absence of germinal center formation within the spleen. It is predicted that, during this period, the mice are globally immunocompromised and will fail to respond to infectious agents that they encounter. This view has been recently confirmed in an LCMV infection model (J. Foell et al., manuscript submitted for publication). Surprisingly, in the LCMV model, immunosuppression is limited in duration to the first 48 hours of antigen priming. Therefore, it seems likely that anti-CD137 mAb's suppress T cell-dependent humoral immunity in the same manner whether it is to a foreign antigen or a self-antigen, as it interferes with T cell immune responses at the level of cognate cellular interactions. A possible target of suppression appears to be the T cell-DC interface during antigen priming. The consequence of this event may be the induction of Vβrestricted regulatory T cells and, at the very least, the failure to generate antigen-specific T cell help, thus accounting for the loss of germinal center reactions. Since anti-CD137 mAb's that do not block receptor-ligand interactions can exert the same effect, and anti-CD137 mAb's function in an identical fashion when injected into 4-1BB ligand-deficient mice, it is plausible that these mAb's may interfere with or modify signaling pathways at a point in time when the immune response is first being initiated.
We have previously shown that while anti-CD137 mAb's induce rapid allograft rejection (16) and highly effective CTL responses against poorly immunogenic tumors (22) , they also suppress CD4 + T-dependent humoral immune responses in a CD8 + T cell-independent manner (24) , despite the fact that they costimulate CD4 + T cells (20) . How, then, does one reconcile these seemingly disparate observations? We suggest that anti-CD137 regulates CD4 + and CD8 + T cell responses alike, and that it does so at the T cell level by providing T cell costimulation and protection from activationinduced cell death (20, 23) . However, immune responses by either T cell subset can be blocked as well. Timing is the critical issue. We have recently shown that DCs can express CD137 on their surface (12) . We have further noted that splenic DCs constitutively expressed CD137, whereas T cells did not express CD137 in vivo until after 48 hours following LCMV infection (J. Foell et al., unpublished observations). The reason why anti-CD137 mAb's suppress or enhance immune reactivity seems to have little to do with the T cell lineage or the source of antigenic stimulation. The determining factor is whether or not T cells have received priming. In the case of acute graft-versus-host disease responses, allograft rejection, or antitumor immunity, non-self antigens are already presented in the context of MHC prior to the administration of anti-CD137 mAb's. Activated T cells express CD137 and can then be costimulated by CD137 signaling after engagement with 4-1BB ligand or anti-CD137 mAb's.
T-dependent humoral immune responses to SRBC, human IgG, or LCMV can be suppressed by administration of anti-CD137 mAb's during antigen priming by blocking Th cell activation at the DC interface. This could be accomplished in various ways such as blocking DC maturation, antigen processing, antigen presentation, cytokine production, etc. The end result is that the T cell fails to undergo activation and may become anergized in the process. The same is true for CD8 + T effectors in anti-LCMV immune responses. However, when given after priming, anti-CD137 mAb's uniformly enhance the immune response or fail to affect it at all. Thus, autoimmune responses that require T cell help in order to drive maturation of antigen-specific B cells are interrupted. However, once priming has been successfully completed and T cells begin to activate and express CD137, administration of anti-CD137 mAb's leads to amplification of proliferative responses and development of effector functions and provides survival signals that protect the cells from activation-induced cell death (23) .
If our hypotheses of how anti-CD137 mAb's regulate immune responses are correct and our interpretations of the data presented in this report are accurate, how can we account for the fact that autoimmune reactions established prior to injection of anti-CD137 mAb's can be effectively terminated following injection of anti-CD137 mAb's? From previous studies and our unpublished observations, we have learned that B cells do not express CD137, and that T cells and NK cells do not seem to kill antigen-specific B cells in NZB/W F 1 mice (24) . In this report, we show that significantly more CD4 + T cells and CD19 + B cells have a short lifespan in NZB/W F 1 mice than in age-and sex-matched BALB/c mice ( Figure 8 ). We suggest that one reason for this may be exhaustion of autoreactive T and B cells as a result of chronic stimulation. In contrast, immune lymphocytes reactive with foreign cells or proteins become acutely activated, clear the antigen, and undergo cell death, leaving behind a contracted population of resting memory cells. Anti-CD137 mAb treatment is immunosuppressive for autoimmune reactions in NZB/W F 1 mice regardless of when in the disease process they are given to the mice. In this respect, their action differs from that observed in normal immune responses to foreign proteins whether they are measured in normal or NZB/W F 1 mice. In autoimmune mice, cell exhaustion drives the homeostatic process to reach stabilization through the entry of naive T cells from the thymus, and B cells from bone marrow. These naive T cells require antigen-priming signals by DCs, and the B cells require maturation signals, a T cell-dependent process that occurs during germinal center reactions. Therefore, the situation is analogous to a primary immune response to antigen, and, as in the case of normal mice, these responses are susceptible to anti-CD137 mAb-induced suppression and/or anergy.
In a recent study, Sun et al. demonstrated that anti-CD137 mAb's suppressed the development of SLE-like disease in MRL lpr-/mice suffering from lymphoproliferative disease (33) . The study of these mice has contributed greatly to our understanding of the process of CD95mediated apoptosis and the role of apoptosis in eliminating autoreactive T cells that escape deletion in the thymus. However, these mice bear clinical manifestations that are quite distinct from those in NZB/W F 1 female mice and humans afflicted with SLE. Rather than suffering from a lymphoproliferative disorder, NZB/W F 1 mice and humans are lymphopenic, as is the case for most if not all autoimmune diseases. Secondly, NZB/W F 1 mice and humans do not have any defects in maintaining peripheral tolerance, nor do they have a defect in CD95 function. Finally, we find, contrary to the observations of Sun et al., that anti-CD137 mAb's induce transient splenomegaly and lymphadenopathy when injected into NZB/W F 1 mice. NZB/W F 1 mice have smaller spleens and lymph nodes than normal mice. In contrast, MRL lpr-/mice naturally suffer from splenomegaly and lymphadenopathy, and upon treatment with anti-CD137 mAb's these disorders disappear according to Sun et al. (33) . It is also worth noting that in our studies of LCMVinfected mice (unpublished observations), injection of anti-CD137 mAb's 1 day after infection leads to longterm tolerance and viremia without deleting LCMV T cell receptor transgenic P14 T cells. These results are in keeping with our earlier studies (24) and our observations described herein and support the notion that anti-CD137 signaling during antigen priming induces the generation of regulatory T cells that can suppress DC antigen processing or presentation to T cells.
In summary, we have found that minimal treatment of SLE-diseased NZB/W F 1 mice with anti-CD137 mAb's profoundly suppressed or reversed the disease process, and that as a consequence their lifespan could be routinely extended to greater than 2 years, essentially that observed in normal mice. We have further shown that existing immune responses to nonself antigens remained intact. These observations, while preliminary, provide a sense of optimism that more detailed studies will uncover the biochemical and genetic regulatory events that shape the behavior of DCs as they interact, or fail to interact, with T cells. Preliminary studies employing humanized anti-CD137 mAb's generated in our laboratory have shown that their in vitro signaling effects on human, rhesus macaque, and sooty mangabey T cells are the same as the in vitro effects of mAb's specific for mouse CD137. Furthermore, injection of humanized anti-CD137 mAb's into nonhuman primates suppressed the development of T-dependent humoral immunity (34) . Collectively, these and future studies will hopefully give rise to preclinical and clinical evaluation of the potential application of this form of treatment in human SLE patients.
